This paper presents the fabrication of a nanothick Co-modified film electrochemically synthesized on layer-by-layer (LbL) structures made with dendrimer polyamidoamine/carbon nanotubes (PAMAM/CNT), and its electrocatalytic properties toward H 2 O 2 reduction. Scanning electron microscopy indicated the formation of a homogeneous, 14 nm thick Co film. The porous nature of the PAMAM/CNT LbL film allowed the electrolyte access to the bottom of the electrode, generating a homogenous Co electrodeposit. In addition, the nanostructure based on Co-modified PAMAM/CNT LbL exhibited high electrocatalytic activity for H 2 O 2 reduction when compared to the Co-free PAMAM/CNT LbL film, which demonstrates the suitability of the system studied for biosensing.
The integration of materials at the nanoscale has been a trend to achieve nanostructures with different functionalities and enhanced properties. [1] [2] [3] [4] [5] In this context, carbon nanotubes (CNTs) have been largely combined with other compounds, especially in sensing and biosensing applications, due to their electrical and morphological properties. [6] [7] [8] [9] CNTs can be manipulated as ultrathin films through the electrostatic layer-by-layer (LbL) technique. [10] [11] [12] [13] [14] [15] [16] [17] which is advantageous for achieving high surface area and porosity. [11] [12] [13] [14] These features facilitate charge transfer, while the synergistic action with biomolecules (e.g. enzymes) enhance the biosensing performance via increasing of sensitivity, fast response time, low drift signal and low limit of detection. 11, 12 An even superior performance may be obtained if CNTs are combined with other nanomaterials, such as metallic nanostructures, giving rise to systems with unique electrical and electrochemical properties for sensing. [18] [19] [20] In this paper we present for the first time a hybrid material consisting of cobalt nanofilm electrodeposited on PAMAM/CNT LbL films for detecting H 2 O 2 . The film morphology and composition were characterized with field-emission scanning electron microscopy (FEG-SEM) and energy-dispersive X-ray spectroscopy (EDX), while cyclic voltammetry was used to evaluate electrocatalytic activity toward H 2 O 2 reduction. The influence of Co incorporation with carbon nanotubes and its advantages are discussed.
Experimental
Carboxylic acid functionalized single-walled carbon nanotubes, G4 polyamidoamine dendrimer, cobalt chloride and hydrogen peroxide were purchased from Aldrich Co. 5-bilayer PAMAM/CNT LbL films were fabricated by immersing an ITO substrate alternately into a 1.0 g l À1 -polycationic PAMAM (5 min) at pH 4 and a 10 mg/10 ml -CNTs (10 min) at pH 8 adjusted with a NaOH solution. Details of LbL film preparation and its complete characterization are found in Refs. 13 and 14. Figure 1 shows the schematic architecture of a Co-modified PAMAM/CNT LbL film. The 5-bilayer LbL film served as working electrode in a Teflon electrochemical cell (geometric area of 0.3 cm 2 ) with a Pt wire and Ag/ AgCl as counter and reference electrodes, respectively. The Teflon cell was clamped over Teflon covered Viton o-ring onto the LbL film and filled with a 0.01 mol l À1 CoCl 2 for synthesizing the Co film. After the synthesis, the electrochemical cell was rinsed with deionised water and then filled with the H 2 O 2 -containing solutions (concentrations ranged from 0.01 to 10 mmol l À1 ) for the electrochemical tests. All electrochemical measurements were carried out with an AUTOLAB 30 potentiostat/galvanostat controlled by the GPES software. Field emission gun microscopy (FEG) and energydispersive X-ray spectroscopy (EDX) were conducted on a FEG-VP Zeiss Supra 35.
Results and Discussion
The surface morphology of PAMAM/CNT LbL films has already been studied, 14 featuring interconnected CNTs randomly and homogeneously distributed into the dendrimer layers over the entire ITO surface. These films are highly porous with large surface area, and the porosity and roughness tend to decrease with the number of bilayers as a consequence of dendrimer aggregation. Highly dense films may promote non-uniform electrolyte access to the substrate leading to uneven electrodeposits. Therefore, 5-bilayer LbL films that are highly porous and ca. 40 nm thick 14 were chosen for the studies, since this structure may act as physical hindrance preventing excessive growth of the Co film.
Cyclic voltammograms of Co electrodeposition at scan rate of 50 mV s sharply rising cathodic current appeared as the electrode potential was swept from the open circuit potential (0.1 V) in the negative direction with peaks at À0.96 V for bare ITO and À0.92 V for PAMAM/CNT LbL film. Cobalt nuclei formation was more easily achievable with PAMAM/CNT LbL film since the required overpotential is less negative than for Co deposition on ITO. During the reverse scan the CVs exhibited two current crossovers, which points to a nucleation-controlled process. 21 The anodic current peak at À0.1 V is correlated with the stripping of the formerly electrodeposited Co. Cobalt electrodeposition was then conducted potentiostatically for 5 s on fresh ITO and PAMAM/CNT LbL film at their respective peak potentials and representative film morphologies are displayed in Fig. 3 . The Co film on ITO in Fig. 3A is uneven with irregularly-shaped large particles. Similar results were observed by Chen et al. 22 for Co films on glassy carbon electrodes. In contrast, the Co film on the PAMAM/CNT LbL film is homogeneous and agglomerate-free. The electrodeposition occurs from the bottom of the electrode to the top in the spaces of the interpenetrated porous structure, allowing the formation of a rather homogeneous film. A cross-section of Fig. 3 (not shown) revealed film thicknesses of 338 and 54 nm on ITO and PAMAM/CNT LbL film, respectively, confirming that the latter film effectively prevented the excessive growth of Co film. As the 5-bilayer CNT-PAMAM LbL film is about 40 nm thick, we were able to deposit a Co film that was only 14 nm thick atop the LbL film, confirming the suitability of the combination of CNT-PAMAM LbL film and electrochemistry in producing nanothick metallic films. The EDX analysis revealed cobalt, carbon and constituents of ITO, as expected.
Detection of hydrogen peroxide is of practical importance not only because it is a by-product of several enzyme-catalyzed reactions, but also as it is an important mediator in food, environmental and pharmaceutical analyses. 23 Additionally, in fuel cell technology, oxygen electroreduction can generate either water or hydrogen peroxide, with the latter being normally detected by a platinum ring of a rotating ring-disk electrode. The new material presented here might be immobilized, in principle, onto the ring electrode, enabling the detection of lower amounts of H 2 O 2 , as shown below. Figure 4A shows CVs for the CNT-LbL films without (black line) and with (green line) Co in a 10 mM H 2 O 2 þ 0.1 KCl solution. When compared with the Co-free PAMAM/CNT LbL film, the Co-modified CNT-LbL film displayed a clearly superior electrocatalytic activity, with a decrease of 310 mV in the hydrogen peroxide reduction peak. Furthermore, an anodic peak (0.32 V) attributed to hydrogen peroxide oxidation was resolved using the Co-containing film, while an indefinite-rising current was observed for the Co-free film. Both cathodic and anodic peaks depended on the hydrogen peroxide concentration, as illustrated in Fig. 4B . A closer inspection of the CVs shows that the cathodic currents started to flow even at positive potentials (close to 0.1 V, the open circuit potential) at higher H 2 O 2 concentrations. The inset in Fig 4B shows the linearity (R ¼ 0.995) of the cathodic peak currents vs. concentration, with a sensitivity of 80 lA/mmol and a detection limit of 8.2 Â 10 À5 mol l
À1
. The Co-modified CNT-LbL film presented superior stability against several rinsing processes with water and even against sonication when compared with a Co-modified CNT cast film. Co was also electrodeposited on a CNT cast film and tested for H 2 O 2 detection for comparison. Although an electrocatalytic effect was also observed for the Co-modified cast film, it neither withstood potential cycling nor cleaning through sonication, a consequence of a nonhomogeneous, densely aggregated distribution on the ITO surface, in addition to a poor thickness control and poor stability. This difference proves that the LbL technique is suitable for processing CNT in nanostructured films.
Regarding the detection of hydrogen peroxide, a variety of H 2 O 2 sensors have been reported, but a direct comparison among them is difficult because the sensing performance depends on the applied potential, hydrodynamic conditions, supporting electrolyte and electrode material. Nevertheless, the performance of the Co-modified PAMAM/CNT LbL film, in terms of operating conditions, sensitivity and detection limit, is superior or comparable to the majority of H 2 O 2 sensors in the literature summarized in Ref. 24 , which demonstrates the efficiency and advantage of employing such nanostructure, in addition to its potential for biosensing and fuel cell applications.
Conclusion
For the first time, a Co nanostructured film was produced on CNT-PAMAM LbL films via potential pulse. FEG-SEM images revealed a homogenous, 14 nm thick film atop the LbL film. The highly-porous interpenetrated structure of the LbL film allowed a better control of the film thickness compared to the one formed on bare ITO, which is evidence of the versatility of the combination of CNT-PAMAM LbL film and electrochemistry in producing nanothick metallic films. The Co-modified CNT-LbL film displayed a superior electrocatalytic activity toward H 2 O 2 compared with the Co-free CNT-LbL film and enhanced stability when compared with CNT cast films. These results demonstrate that Co-modified CNT-PAMAM nanofilms have great potential for sensing and biosensing.
